Intracytoplasmic sperm injection (ICSI) is a technique that has been successfully used for assisting reproduction in mammals. However, this method is still not reliable in nonmammalian species, including teleosts. We succeeded in producing medaka individuals by ICSI with a rate of 13.4% (28 hatched embryos out of 209 eggs fertilized by ICSI), the best value reported so far in teleosts, including zebrafish and Nile tilapia. Although the technique was based on that developed for mammalian eggs, some critical modifications were made to adjust it to the medaka egg, which has a thick and hard envelope (the chorion) and a single sperm entry site (the micropyle). Medaka ICSI was performed by injecting a demembranated spermatozoon into an egg cytoplasm through the micropyle 10-15 sec after egg activation induced by a piezo-actuated vibration, the site and timing of sperm penetration being consistent with those in normal fertilization in medaka. To increase the efficiency of ICSI in medaka, we found that the fertilization by ICSI should precisely mimic the fertilization by insemination with intact sperm, both spatially and temporally. The success rate of ICSI was highly variable in batches of eggs (ranging from 0% to 56%), suggesting that the conditions of eggs are important factors in stabilizing the production of individuals by ICSI. The success in medaka ICSI provides a basis for future research to understand the basic mechanisms in gamete biology of teleosts as well as for development of new technology that can yield valuable applications in fisheries science.
INTRODUCTION
Intracytoplasmic sperm injection (ICSI) is an in vitro fertilization technique in which a single spermatozoon is injected directly into an egg cytoplasm. ICSI has been widely applied for mammals, making a great contribution to basic science as a useful tool in the research of gamete biology, as well as to applied science as the ultimate technology to assist reproduction [1] [2] [3] [4] [5] [6] . Although ICSI has been fully established in mammals, especially in mice, there are some issues that remain to be clarified. The most important issue is that the efficiency of ICSI is highly variable from species to species (50% in mice, but only 0.3%-16.5% in other mammals), strain to strain, individual to individual, and even in batches of eggs obtained from the same individual [7] . Furthermore, ICSI has not been established as a reliable method for fertilization in animals other than mammals. For example, it has succeeded with only low efficiency in amphibians (the production rate of metamorphosed larvae being 0.7% in Xenopus laevis [8] ) and teleosts (the production rates of hatched embryos being 1.6% in zebrafish and 8.5% in Nile tilapia [9, 10] ). There is a great demand for the establishment of a reliable method for ICSI in nonmammalian vertebrates, since ICSI could be a powerful tool for investigating basic mechanisms in gamete biology, as well as yielding valuable applications, including sperm preservation of threatened species, to maintain biological diversity, and of beneficial species to develop brood stocks.
To establish a reliable protocol for ICSI in nonmammalian vertebrates, we need to reveal factors responsible for the efficiency of ICSI and to optimize all processes involved in ICSI. Results of such studies will also give insights into the mechanisms that assure normal fertilization in these animals. Several points should be taken into consideration for establishing ICSI in teleosts. In striking contrast to mammalian eggs, in which the spermatozoon can enter the egg at any site, teleost eggs have the remarkable characteristic that the spermatozoon can penetrate the egg only through a hole of several micrometers in diameter (the micropyle), present on a thick and hard egg envelope (the chorion). Since the micropyle exists at the animal pole of the egg, the fertilizing sperm always enters the egg cytoplasm at the animal pole, where the egg chromosomes are also situated (Fig. 1 ). This characteristic of fish eggs implies that successful fertilization by ICSI in fish will require more precise control of the injection site of spermatozoon to the egg than that required for mammals. Like in mammals and amphibians, freshwater fish, such as zebrafish and Nile tilapia, have eggs in which each of the yolk granules is surrounded by a limiting membrane, and the yolk granules are scattered through the egg cytoplasm (eggs with granular yolk; Fig. 1A ) [11] . On the other hand, marine fish have eggs in which yolk granules are fused to each other to form a membrane-bound yolk mass (eggs with massed yolk), their cytoplasm thereby being confined to the egg cortex as a thin layer between the egg plasma membrane and the exclusive yolk mass (Fig. 1B) [12] . In eggs with granular yolk, a simple injection seems to result in the introduction of spermatozoon within the egg cytoplasm, whereas the spermatozoon must be injected into the thin cytoplasm in eggs with massed yolk. To date, ICSI in teleosts has been reported for zebrafish [9] and Nile tilapia [10] , both of which have eggs with granular yolk. In this study, we used medaka (Oryzias latipes), which has eggs with massed yolk (although medaka lives in freshwater, the egg is a type of marine species, probably reflective of its phylogeny [13] ). The reason for the use of medaka as an experimental model is that ICSI in this species should be more difficult than that in zebrafish and Nile tilapia because of the presence of massed yolk, which limits the space for sperm injection into the narrow cortical cytoplasm. In addition, knowledge obtained in the process of establishing medaka ICSI should therefore provide important clues for developing versatile protocols of ICSI that are applicable to various teleost species regardless of the type of egg.
As with zebrafish, medaka has received much attention as an experimental animal in various fields of biological science, including reproductive and developmental biology [14, 15] . Medaka and zebrafish are widely used as experimental models representative of nonmammalian vertebrates, but they are considerably diverged evolutionarily in teleosts, and significant differences in cellular and molecular mechanisms of many biological processes have been shown to exist between them [15, 16] . The success in ICSI in both medaka and zebrafish will allow detailed comparison between them, leading to a more comprehensive understanding of various cellular and molecular mechanisms operating commonly in vertebrate gametes.
ICSI is an established technique in mammals, especially in mice. It involves three major processes: immobilization of spermatozoa, destabilization of sperm plasma membrane, and injection of spermatozoon into the egg cytoplasm by a piezoactuated micromanipulation to reduce mechanical damage to the egg [17, 18] . In fact, our preliminary experiments have shown that it is difficult to penetrate the tough chorion of the medaka egg, even through the micropyle by conventional injection without piezo-driven vibration and that, more importantly, it is difficult to control the initiation of egg activation by conventional injection, despite the fact that the timing of egg activation is critical to increasing the success rate of ICSI in medaka, as demonstrated in this study. We therefore intended to follow a standard method of ICSI in mammals, with modifications for optimizing the protocol for the medaka egg, which has a tough egg chorion, the single-sperm entry site (the micropyle), and a massed yolk that pushes the cytoplasm to the egg cortex. We found that the most critical element to obtaining a higher success rate in medaka ICSI is the timing of sperm injection into the egg cytoplasm, although it is a prerequisite that the spermatozoon must be injected into the egg cytoplasm (not into the yolk mass) at the animal pole through the micropyle. We also found that the success rate in ICSI was highly variable in batches of eggs, indicating that the conditions of eggs (so-called egg quality) are important factors ) has a translucent egg chorion that is tightly bound to the underlying egg plasma membrane (the egg cortex at higher magnification shown in A'), while an egg collected 2 h after spawning (an unhealthy egg [B] ) has a transparent egg chorion separated from the plasma membrane, forming a narrow perivitelline space (arrowheads in B') like a partially activated egg. A' and B' are 23 the enlargement of A and B. ICSI is preformed on a work plate under an inverted microscope equipped with two micromanipulator units, one on the left for egg holding, and the other with a piezo drive unit on the right for sperm injection. The work plate (shown by a photograph [C] and an illustration [D] ) consists of chamber I filled with mineral oil and chamber II filled with IMPS. Chamber I contains three drops of solution adhered to the side wall (drops A-C). A spermatozoon treated in chamber I is picked up by an injection pipette (arrows in F and G) and injected into an egg in chamber II (D). An egg to be injected is captured by a holding pipette at the vegetable polar side (E), so that its micropyle (white arrowhead) at the animal polar side is oriented to the injection pipette (G). A reddish background in F is due to autofluorescence from PVP in IMPS.
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to be considered for stable production of normal offspring by ICSI.
MATERIALS AND METHODS

Collection of Sperm and Eggs
All animal experiments in this study were approved by the Committee on Animal Experimentation, Hokkaido University. Sexually mature O. latipes fish (an orange-red variety) were obtained from a local fish farm (Yatomi, Aichi, Japan). Oryzias curvinotus fish were provided from laboratory stocks maintained at Shinshu University. The fish were cultured in freshwater at 278C under artificial light conditions (14L:10D) to induce and maintain the daily reproductive cycle. Unfertilized mature eggs were released from the ovary in Iwamatsu medaka physiological saline (IMPS; 111 mM NaCl, 5.4 mM KCl, 1 mM CaCl 2 , 0.6 mM MgSO 4 , adjusted to pH 7.3 with 0.1 M NaHCO 3 ) by tearing the ovarian cavity with fine forceps. The attaching filaments were cut off with scissors. Unlike zebrafish eggs, which are activated spontaneously in contact with the spawning medium [19] , the isolated medaka eggs are not activated in IMPS until a spermatozoon reacts with the egg plasma membrane, although the fertilizability is gradually reduced [20] . Each experiment was performed using eggs obtained from one female (one batch of eggs) without mixing different batches of eggs. Judging from the morphology of the egg chorion, attaching filaments, and oil droplets, only healthy eggs were used for ICSI within 2 h of collection. Healthy eggs have a translucent egg chorion bound tightly to the underlying egg plasma membrane. In contrast, unhealthy eggs have a transparent egg chorion and narrow perivitelline space, like partially activated eggs (Fig. 2, A and B) . Healthy eggs have smaller oil droplets than those in unhealthy eggs. Attaching filaments on healthy eggs are soft and coiled, whereas those on unhealthy eggs are hard and elongated. Isolated testis was put in a minimal amount of IMPS, minced with scissors, and FIG. 3. Sequence and site of sperm injection. Sperm nuclei were stained with Hoechst and SYTO green to visualize them under a fluorescent microscope. Photographs were successively taken under a bright-field microscope and a fluorescent microscope, and the resulting two images are merged (A-G). A single sperm nucleus appears as two dots in some figures (A, C, E) because it moved in the pipette during the time required to take two photographs. An injection pipette containing an LPC-treated spermatozoon (black arrow) and a small volume of IMPS is set to face the micropyle (A). The injection pipette is stabbed into the micropyle (B) with continuous vibration generated by a piezo drive unit until it completely penetrates through the chorion (C). When the tip of the injection pipette reaches the egg plasma membrane, the pipette is retracted to the midpoint of the micropylar canal to induce egg activation by the piezo-actuated vibration. When the perivitelline space begins to be formed (detected as the appearance of transparent regions beneath the chorion; white arrows in D), IMPS in the pipette is poured into the developing perivitelline space to accelerate the egg activation. After 10-15 sec of injection of IMPS, the micropipette is penetrated into the egg cytoplasm ([E] white arrows showing the perivitelline space formed beneath the micropyle), and the spermatozoon in the pipette is released into the cytoplasm (F). The pipette is withdrawn from the egg after the chorion is completely separated from the underlying egg plasma membrane (G). An arrow in G shows the Hoechst/SYTO green-stained sperm nucleus introduced into the egg cytoplasm. To confirm the site of sperm injection, injection medium consisting of 1% PVP/1% phenol red in IMPS was injected into the cytoplasm (H) and yolk (I) of medaka eggs. Photographs were taken under a bright-field microscope. Since pH values are different in the cytoplasm and the yolk, it is easy to recognize the site where the pipette tip was inserted; the medium remained red when injected into the cytoplasm, while it turned yellow when injected into the yolk. When the medium was injected into the yolk, the cytoplasm was also stained red (I), because the phenol red bled from the yolk through the damaged yolk membrane. These eggs were discarded even if their cytoplasm was stained red. Bars ¼ 50 lm.
mixed with 100 ll of IMPS. After being incubated for 5 min at room temperature in a 1.5-ml centrifuge tube to allow any debris to precipitate, the sperm suspension was used for ICSI.
Chemicals
All chemicals used in this study were purchased from Sigma (St. Louis, MO) unless otherwise stated.
Micromanipulation
Micromanipulations were performed using an inverted microscope (Leica DMI 6000B; Leica Microsystems, Tokyo, Japan) equipped with two micromanipulator units (Leica Injection System AM6000). The manipulator on the left was used for holding an egg with a holding pipette (approximately 800 lm inside diameter) and that on the right was equipped with a piezo drive unit (PMM-150FU; Prime Tech, Ibaraki, Japan) and used for injecting a spermatozoon to an egg with a glass micropipette (4 lm inside diameter, TransferTip-R [ICSI]; Eppendorf, Tokyo, Japan).
A Work Plate
Prior to injection into eggs, spermatozoa should be successively treated with three chemicals: polyvinylpyrrolidone (PVP) to immobilize the sperm movement, lysophosphatidylcholine (LPC) to damage or remove the plasma membrane, and PVP, together with phenol red as a marker, to wash LPC. Under an inverted microscope, the treated spermatozoon is injected into an egg, the size of which (1.2 mm in diameter) is huge compared with that of spermatozoon (1.7 lm in diameter), and different magnifications for the treatment of spermatozoa and the setting of eggs to be injected are therefore required. This situation is very different from that in mammals, in which a spermatozoon and an egg are simultaneously observed in a microscopic field. These characteristics of medaka hamper smooth handling of spermatozoa and eggs under a microscope. As such, to facilitate ICSI in medaka, we prepared a work plate carrying two chambers. Chamber I (4 3 2.5 cm) is filled with mineral oil and chamber II (6 3 5.7 cm) is filled with IMPS (Fig. 2, C and D) . Chamber I contains three drops of solutions (drops A-C, 50 ll each); drops A-C consist of 10% (wt/vol) PVP in IMPS, 0.5% LPC/2% PVP in IMPS, and 1% PVP/1% phenol red in IMPS, respectively. Eggs were placed in chamber II, and when the demembranated spermatozoon was prepared through the passage from drops A to C (see below), the egg was fixed by a holding pipette and injected with the spermatozoon through the micropyle as soon as possible (Fig. 2 , E-G).
Treatment and Injection of Spermatozoa
Sperm suspension (10 ll) was added to drop A in chamber I to immobilize the spermatozoa. The spermatozoa in drop A were used throughout an experiment with the same batch of eggs. Immediately before ICSI, a spermatozoon with a small volume (,10 pl) of surrounding medium was sucked into an injection pipette under a microscope (Fig. 2F ) and transferred to drop B to damage the membrane with the fusogenic activity of LPC. Similarly, the spermatozoon treated with LPC for 0 sec, 10 sec, or 1 min was transferred from drop B to drop C and washed through a cycle of sucking and blowing by pipetting. Following extraction of the spermatozoon in drop C, the injection pipette was move into chamber II, where an egg to be injected was captured by a holding pipette at the vegetable polar side, so that the micropyle at the animal polar side was oriented to the injection pipette (Fig. 2, E and G) .
After a small volume (approximately 1 pl) of IMPS in chamber II had been sucked into the pipette, the pipette was stabbed into the micropyle with vibration generated by a piezo drive unit (thereafter, the vibration was continuously applied until the initiation of egg activation) until it completely penetrated through the chorion (Fig. 3, A and B) . When its tip reached the egg plasma membrane, the pipette was retracted to the midpoint of the micropylar canal with continuous application of piezo-actuated vibration on the egg to induce egg activation (Fig. 3C) . When the egg cortical region near the micropyle had become transparent (an indication of the formation of perivitelline space by egg activation; Fig. 3D , white arrows), IMPS in the pipette was poured into the developing perivitelline space to accelerate the activation. After 10-15 sec of the injection of IMPS, at which time the perivitelline space was clearly visible beneath the micropyle, the micropipette was penetrated into the egg cytoplasm (Fig. 3E ) and the spermatozoon was released into the cytoplasm with a small volume (0.5 pl) of IMPS containing 1% PVP/1% phenol red (Fig. 3F) . The pipette was pulled out of the egg after the chorion had been completely separated from the underlying egg plasma membrane (Fig. 3G ).
Fluorescent Labeling of Spermatozoa
In some experiments (Fig. 3 ), spermatozoa were labeled with fluorescent dye to visualize them under a fluorescent microscope. Since blue or green autofluorescence is emitted from a medaka egg according to its regions, spermatozoa were double stained with 0.1% Hoechst 33342 (Calbiochem, Damstadt, Germany) and 50 nM SYTO 16 green (Invitrogen, CA) for 30 min to detect them against a blue or green background.
Site of Sperm Injection into Egg
In normal fertilization, a sperm nucleus is introduced into the egg cytoplasm through the micropyle. We confined the sperm injection site to the micropyle. Indeed, an injection pipette can penetrate the thick, hard chorion only through the micropyle with the aid of piezo-driven vibration. In addition, our preliminary experiments showed that the egg never developed normally when the spermatozoon was injected into a yolk mass passing through the surrounding egg cytoplasm. Therefore, the spermatozoon was injected into the egg cytoplasm (10-15 lm in thickness) that localizes to the egg cortical region. Since the medium injected simultaneously with the sperm nucleus contains the pH indicator phenol red, the site of sperm injection can be easily identified under a bright-field microscope. The injected medium exhibits different colors according to pH values at the injection sites; red in the cytoplasm and yellow in the massed yolk (Fig. 3, H and I) . We considered ICSI to be successful only when a single sperm nucleus was precisely injected into the egg cytoplasm, and we collected data only from the eggs for which the success of ICSI was confirmed under a microscope. Eggs were discarded when they were stained yellow upon injection, since this means that ICSI was unsuccessful (i.e., the sperm was mistakenly introduced into the massed yolk).
Incubation and Observation of Embryos
Eggs fertilized by ICSI were transferred to a 96-well cell culture plate (BD Biosciences, Tokyo, Japan) and cultured in IMPS containing 100 lg/ml streptomycin and 100 U/ml penicillin at 258C. We observed the development of embryos under a stereomicroscope and counted the number of embryos that reached appropriate stages, including the stages of blastodisc formation (stages 1-2), cleavage (stages 3-9), blastula (stages 10-12), embryonic body formation (stages [15] [16] [17] [18] [19] [20] , and hatching (stage 40), which were classified according to Iwamatsu's staging [21] .
RESULTS
Toxic Effects of PVP and LPC on Medaka Embryogenesis
In this study, we basically followed the protocol of mouse ICSI, which includes immobilization of spermatozoa by PVP and destabilization of the sperm plasma membrane by LPC. However, PVP has been reported to have toxicity on bovine embryonic development [22] . It is also likely that LPC is detrimental to embryogenesis by its fusogenic activity. First, we examined the toxic effects of PVP and LPC on medaka embryogenesis by microinjecting 0.5 pl (corresponding to the volume of solution when a spermatozoon is injected into the egg cytoplasm by ICSI) of 0%, 1%, or 2% PVP and/or 1% LPC in IMPS into medaka eggs that were artificially inseminated with sperm (Table 1) . Although the injection of IMPS alone decreased the number of embryos developing normally, PVP and LPC accelerated the decrease in a dose-dependent manner, indicating that both PVP and LPC have toxicity on embryonic development. The development seemed affected even by 1% PVP, but the manipulation of spermatozoa with a micropipette is difficult in the presence of PVP at concentrations lower than 1% due to lack of appropriate viscosity. We therefore used 1% PVP for the injection medium, in striking contrast to the standard concentration (5%-8%) used in mammals. We are also took care in washing out the remaining LPC from the spermatozoa in drop C.
Injection of Medium Without Sperm Nucleus
Medaka eggs are activated by piezo-driven vibration and IMPS injection (Fig. 3, D and E) . As a control experiment, we examined how far the activated eggs will develop without sperm. Eggs injected with the injection medium alone formed a blastodisc, but did not undergo cleavage without sperm components (left-most column in Table 2 ), strongly suggesting that embryos developing beyond the cleavage stage are actually fertilized by ICSI.
Removal of Sperm Plasma Membrane
Since the plasma membrane of a fertilizing spermatozoon is removed during entrance into the egg cytoplasm by the fusion of sperm and egg plasma membranes in normal fertilization, removal of the sperm plasma membrane is thought to be required before directly microinjecting the spermatozoon into the egg cytoplasm. Indeed, it has been demonstrated that removal of the sperm plasma membrane (and sperm nuclear envelope) is a prerequisite for transformation of a spermatozoon into the male pronucleus in crucian carp eggs [23] . In zebrafish and Nile tilapia, however, previous studies have shown that removal of the sperm plasma membrane is not necessary for ICSI-mediated fertilization [9, 10] . We therefore examined whether the presence of the sperm plasma membrane affects the efficiency of ICSI in medaka. Preliminary experiments with three detergents, LPC, SDS, and digitonin, showed that treatment of medaka spermatozoa with 0.5% LPC gave the best result, consistent with finding in mammals [24] . We then checked the duration of LPC treatment. The results clearly showed that the success rate of ICSI with 1 min-treated spermatozoa is higher than that with 10 sec-treated or untreated spermatozoa (right three columns in Table 2 ), indicating that removal of the sperm plasma membrane greatly increases the success rate of ICSI in medaka. Nonetheless, it is also notable that eggs fertilized by ICSI with LPC-untreated spermatozoa developed into hatched embryos, although the rate was significantly lower than that of eggs fertilized with LPCtreated spermatozoa for 1 min (Table 2 ). This finding suggests that the sperm membrane is partially broken during the manipulation in PVP even in the absence of detergents. The dispensability of removal of the sperm membrane for ICSImediated fertilization in zebrafish and Nile tilapia [9, 10] might be explained by assuming that the sperm plasma membrane of these species is more fragile in the injection medium containing PVP than is that of medaka.
Timing of Sperm Injection into Egg Cytoplasm after Egg Activation
We investigated the timing of incorporation of the sperm nucleus into the egg cytoplasm after egg activation (Fig. 4) by No. of eggs (batches) 53 (3) 80 (4) 60 (4) 121 (10) 166 (17) 95 (10) 209 ( MEDAKA FERTILIZATION BY ICSI video recording of the normal fertilization process of medaka, and found that there is a significant time lag between the incorporation and the activation. Following the arrival of a spermatozoon at the egg plasma membrane through the micropyle (Fig. 4, A-C) , the cortical alveoli in the vicinity of the micropyle began to break down to form a perivitelline space, which was visible as a transparent space beneath the micropyle. During the progression of egg activation, the contents of cortical alveoli were released into the perivitelline space, and a part of them was extruded through the micropylar canal, together with the spermatozoa within it (Fig. 4D) , as one of the mechanisms of polyspermy block [25] . However, the fertilizing spermatozoon (the first spermatozoon that came into contact with the egg) remained at the bottom of the micropylar canal, probably because it maintained attachment to the egg surface (Fig. 4D) . Finally, the sperm nucleus began to be incorporated into the egg cytoplasm (Fig. 4, E and F) . Thus, incorporation of the sperm nucleus into the egg cytoplasm takes place significantly later than the egg activation: it starts, at the earliest, 10-15 sec after formation of the perivitelline space by egg activation, although the timing varies from egg to egg. We investigated whether the timing of sperm incorporation into the egg cytoplasm has serious effects on the success of ICSI by injecting spermatozoa at three different timings: 1) the spermatozoon was injected into the egg cytoplasm as soon as the pipette tip penetrated the egg plasma membrane, at which time the egg was not yet activated by a piezo-actuated vibration; 2) the spermatozoon was injected 20 sec after the application of piezo-actuated vibration, irrespective of confirmation of whether the egg was activated or not; and 3) the spermatozoon was injected 10-15 sec after formation of the perivitelline space (a hallmark of the occurrence of egg activation). As shown in Table 2 , the timing of sperm incorporation into the egg cytoplasm is critical to the success rate of ICSI. The best result was obtained when the spermatozoon was introduced into the egg cytoplasm 10-15 sec after egg activation, the timing being consistent with that in normal fertilization.
Development of Eggs Fertilized by ICSI
The development of eggs fertilized by ICSI under optimal conditions (injection of a spermatozoon that had been treated with 0.5% LPC for 1 min into the egg cytoplasm 10-15 sec after egg activation) is shown in the right-most column in Table  2 . Of the 209 eggs fertilized by ICSI, 28 (13.4%) developed and hatched normally, and 6 (2.9%) reached adulthood. To confirm that the obtained fry were produced by fertilization that incorporates the paternal genome into the maternal one and not by parthenogenesis following duplication of the maternal genome, we injected O. curvinotus spermatozoa into O. latipes eggs under similar conditions of ICSI. A cross between these species by artificial insemination yields viable hybrids, although they exhibit abnormal gametogenesis [26] [27] [28] . O. curvinotus has melanin granules in its body, while the orangered variety of O. latipes used in this study lacks melanin granules (Fig. 5A) . The resulting hybrid embryos produced by ICSI possessed melanophore 5 days after fertilization (Fig.  5B) , similar to that in a hybrid obtained by cross-breeding of O. latipes and O. curvinotus.
The success rate of ICSI was variable in batches-0% in some batches and 56% in others. The stages at which the development shows various abnormalities were also variable from batch to batch, as described below.
Abnormality of Embryos Produced by ICSI
Although some embryos produced by ICSI exhibited normal development, many embryos exhibited various abnormalities during the course of development. These include unequal division of blastomeres, ambiguous cleavage furrow, failure in   FIG. 4 . Video recording analysis of sperm penetration into egg cytoplasm in the medaka. An egg was artificially inseminated in IMPS and the behavior of spermatozoa was observed. Photographs were taken at À3 sec (A), 0 sec (B), 10 sec (C), 22 sec (D), 25 sec (E), and 55 sec (F) after the arrival of the fertilizing spermatozoon to the egg surface. Following the first fertilizing spermatozoon (black arrowhead) to reach the egg surface, other spermatozoa (white arrowheads) also entered the micropyle and filled the micropylar canal (A-C). Extra spermatozoa stuck in the micropyle were pushed out from the canal by egg activation, while the fertilizing spermatozoon remained attached to the egg surface (D). Following an apparent time lag after the onset of egg activation, the fertilizing spermatozoon began to enter the egg cytoplasm (E, F). CH, chorion; EC, egg cytoplasm; MP, micropyle. 180 epiboly (Fig. 6B) , impaired body axis (Fig. 6D) , and abnormal organogenesis, including a curvature of the caudal fin and poorly developed head, eyes, and snout (Fig. 6F ). Since these abnormalities are often found in haploid individuals-the socalled haploid syndrome [29] -we checked the ploidy of abnormal embryos by flow cytometric analysis of the nuclear DNA and confirmed that they are diploid. Thus, the abnormalities are caused by factors other than ploidy.
To gain an insight into the cause of abnormalities, we investigated whether there are specific stages at which the embryos exhibited abnormalities. The stages at which the development of eggs fertilized by ICSI under optimal conditions (data shown in right-most column in Table 2 ) exhibited abnormality and stopped are plotted in Figure 7 . Although the major abnormality found in ICSI was that the embryos failed to initiate cleavage, the stages at which the abnormalities were elicited varied in batches of eggs. In some batches (batches 4 and 10), abnormalities were observed throughout the development, whereas other batches (batches 6 and 11) tended to exhibit abnormalities at a certain stage (at the cleavage stage).
A possible factor responsible for the abnormalities is egg quality. Although IMPS can maintain the fertilizability of medaka eggs, the fertilizability gradually decreases when the eggs are incubated for a longer time (the hatching rate was 81.1% [n ¼ 201] when eggs within 2 h of incubation were inseminated, while the hatching rate was 76.9% [n ¼ 121] when eggs incubated for over 2 h were inseminated). We investigated the relationship between the aging of eggs and the success of ICSI by comparing the performance between the fresh and aged eggs incubated in IMPS for less than and more than 2 h, respectively. Compared with the results using fresh eggs (rightmost column in Table 2 ), the success rate was significantly reduced when ICSI was performed using aged eggs. The total success rate was 3.1% (2 hatched embryos out of 65 eggs fertilized by ICSI), ranging from 0% to 10%. The percentage of embryos reaching each stage of development was as follows: 86.2% of the embryos showed blastodisc formation; 26.2% of the embryos underwent cleavage; 16.9% of the embryos reached the blastula stage; and 9.2% of the embryos formed embryonic bodies. Given that the occurrence of abnormalities varies in batches of eggs (Fig. 7) , the conditions of eggs, including so-called egg quality, are the major cause of unstable success rate of ICSI.
DISCUSSION
By the improvement of a standard method for mouse ICSI to moderate the constraints specific to fish eggs, we have succeeded in producing normal medaka individuals by ICSI with a success rate of 13.4% (28 hatched embryos out of 209 eggs fertilized by ICSI), higher than scores in teleosts previously reported (1.6% [3/188] for zebrafish [9] and 8.5% [4/47] for Nile tilapia [10] ). ICSI of medaka eggs has been thought to be more difficult than that of zebrafish and Nile tilapia eggs, which contain membrane-bound yolk granules scattered within the egg cytoplasm, since it is highly likely that the massed yolk in the medaka egg greatly hinders the success of ICSI by restricting the egg cytoplasm to a narrow space of the egg cortex (10-15 lm in thickness). The success in medaka ICSI relies on the piezo-driven micromanipulators to reduce physical damage to the egg, but several modifications are also important to increase the efficiency. These modifications include: 1) production of a work plate specific for medaka ICSI to enhance the LPC-treatment of spermatozoa individually immediately before ICSI and the handling of eggs at a magnification different from that for observation of spermatozoa; 2) use of piezo-driven vibration to activate the eggs as well as to bore the micropyle; and 3) optimization of the site and timing of the injection of the spermatozoon into the egg.
A key point for the success of ICSI in medaka is that a demembranated spermatozoon should be injected into the cytoplasm, but not the yolk mass, through the micropyle 10-15 sec after the onset of egg activation induced by a piezoactuated vibration, consistent with the site and timing of sperm penetration in normal fertilization. This finding strongly suggests that the fertilization by ICSI should precisely mimic the fertilization by normal insemination, both spatially and temporally. The fertilization ends in mixing of paternal and maternal genomic information, for which several processes must precede on schedule. Those include the progression of meiosis, the extrusion of the second polar body, and the formation and association of male and female pronuclei. In the case of teleosts, the sperm entry point to the egg is definitely determined by the presence of a micropyle, and the behaviors of the sperm nucleus and egg chromosomes in the fertilization processes of teleost eggs might therefore be more constrained than those in mammalian and amphibian eggs to be fertilized at any place. This may be the reason why the introduction of a spermatozoon into the egg cytoplasm by ICSI in medaka needs to follow that occurring in normal fertilization as closely as possible. Detailed morphological analyses of behaviors of the sperm nucleus and female chromosomes in eggs fertilized by ICSI should provide a deeper insight into the reason why fertilization by ICSI is not as effective as that by normal insemination.
Abnormal developments caused by ICSI in medaka, such as a curvature of the caudal fin and poor development of the eyes, are similar to those reported in zebrafish and Nile tilapia produced by ICSI [9, 10] . ICSI seems to have a potential for causing physical damage to eggs even if a piezo-driven manipulator is used. Indeed, it has been reported that ICSI causes structural damage to eggs, such as disruption of the metaphase spindles and fragmentation of chromosomes, leading to impaired embryonic development in several mammals, including humans [30] . Similarly, ICSI-mediated disruption of the progression of meiosis and the formation and fusion of pronuclei might be the main cause of the abnormal development of medaka embryos fertilized by ICSI. This possibility is supported by the present finding that the most frequently occurring abnormality in ICSI-fertilized eggs is failure to initiate cleavage (Fig. 7) . Abnormal medaka embryos produced by ICSI also resemble fish embryos deficient in the body axis, which were produced by disruption of microtubules by cold, heat, or pressure shocks [31] , or by the drug nocodazole [32] . In zebrafish, a microtubule-dependent localization of the diffusible morphogen, Squint, to the blastodisc is required to establish the dorso-ventral axis in early cleavage stages [33, 34] . We have also noticed that the percentage of normal development was reduced by injection of IMPS alone into medaka eggs after insemination ( Table 1 ), indicating that injection and/or vibration by a piezo-actuated micromanipulation might cause disruption of the normal architecture of cytoskeletons in medaka eggs, resulting in abnormal embryogenesis through the mislocalization of morphogens that determine the body axis.
The success in developing a reliable protocol of ICSI in a teleost, the medaka, will open the door to valuable applications of ICSI to both basic and applied research using fish as experimental models. A possible application is the establishment of a new gene transfer technique that excludes incomplete incorporation of the transfer DNA in various cells (so-called mosaicism). The current gene transfer technique by microinjection into developing embryos is always associated with mosaicism, therefore necessitating a further cross with the wild-type fish to identify the individuals carrying the transgene in their germ cells. A gene transfer technique without mosaicism has been proposed for zebrafish, the technique involving gene transfer to spermatogonia with a retrovirus, differentiation of the transgenic spermatogonia to spermatozoa in cell culture, and artificial insemination of naturally spawned eggs with the transgenic spermatozoa [35, 36] . Unfortunately, however, the efficiency is very low, because only a small number of transgenic spermatozoa are produced in vitro, FIG. 7 . Summary of medaka ICSI. The figure shows all of the results obtained in experiments using 23 different batches of eggs (shown on the vertical line). The transverse line shows the stages at which the embryos exhibited abnormality and stopped development (except for hatching), and the dots correspond to each embryo. In the experiment using egg batch 1, for example, one embryo failed to form blastodisc, one embryo failed to undergo normal cleavage, six embryos failed to undergo epiboly, and one embryo continued to develop and hatched. Although the major abnormality was failure to initiate cleavage, the stages at which the abnormalities were elicited varied from batch to batch.
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requiring an efficient method to assist fertilization with the limited number of spermatozoa. We believe that ICSI in medaka established in the present study will be applicable to zebrafish with some minor modifications, and, if so, ICSI will enhance the practicability of new transgenic technology without mosaicism.
The micropyle present on the chorion of fish eggs is the only path by which the sperm can reach the egg surface. In hybridization between different fish species, therefore, the spermatozoa cannot reach the eggs when their size is larger than that of the micropyle, even if they have a potency to fertilize the eggs. Since the spermatozoon is directly introduced into the egg cytoplasm, ICSI allows hybridization between arbitrary fish species, which has never been accomplished by artificial insemination. Since ICSI does not need motile spermatozoa for introduction into eggs, ICSI should also make a great contribution to the preservation of sperm of threatened species and of commercially important species. The preservation of sperm is currently constrained by the use of unmanageable and costly liquid nitrogen, since the sperm must be motile after decompression [10] . ICSI will relieve this constraint, allowing us to use immotile spermatozoa, such as freeze-dried ones, for artificial fertilization.
In conclusion, fertilization by ICSI was successful in a teleost, the medaka, by injecting a demembranated spermatozoon into an egg cytoplasm through the micropyle 10-15 sec after the onset of egg activation induced by a piezo-actuated vibration. The fertilization by ICSI should precisely mimic the fertilization by insemination with intact sperm, both spatially and temporally, to increase the efficiency of ICSI. The success rate of ICSI was highly variable in batches of eggs (ranging from 0% to 56%), suggesting that the conditions of eggs are important factors to stabilize the production of individuals by ICSI. The protocol of medaka ICSI established in this study is a basic prelude to multiple applications in fish biology and fisheries.
